NMD (nonsense-mediated mRNA decay) belongs to the beststudied mRNA surveillance systems of the cell, limiting the synthesis of truncated and potentially harmful proteins on the one hand and playing an initially unexpected role in the regulation of global gene expression on the other hand. In the present review, we briefly discuss the factors involved in NMD, the different models proposed for the recognition of PTCs (premature termination codons), the diverse physiological roles of NMD, the involvement of this surveillance pathway in disease and the current strategies for medical treatment of PTC-related diseases.
INTRODUCTION
The process of eukaryotic gene expression involves a number of interlinked steps from transcription, capping, splicing and polyadenylation, to translation and mRNA degradation. Many different regulatory pathways have evolved to maintain the fidelity and accuracy of the expression of individual genes. Among these regulatory mechanisms, a specialized surveillance mechanism that targets transcripts with PTCs (premature termination codons) is the NMD (nonsense-mediated mRNA decay) pathway [1] [2] [3] . PTC-bearing mRNAs need to be eliminated because they encode C-terminally truncated proteins, some of which possess dominant-negative or deleterious gain-of-function activity. It has emerged that in addition to its role in eliminating faulty transcripts, NMD can also modulate the expression of many physiological mRNAs involved in various cellular processes, such as haemopoietic cell differentiation, stress responses or the maintenance of chromosome structure and function [4] [5] [6] . These studies indicate a role for NMD in the post-transcriptional regulation of gene expression along with mRNA quality-control activity. Furthermore, the biological and medical significance of the NMD pathway is highlighted by studies which revealed that an escape from NMD can result in severe clinical phenotypes [7, 8] . It is estimated that 30 % of known disease-associated mutations are due to PTC-containing mRNAs [7] . In the present review, we describe the factors involved in NMD, mechanisms suggested in the literature for the recognition of PTCs, the diverse physiological substrates of NMD involved in various cellular processes, the involvement of NMD in disease and the current strategies for treatment of PTC-related diseases.
ORIGIN OF PTCs
mRNAs harbouring PTCs comprise the major group of NMD substrates [2] [3] [4] . PTCs originate in a variety of ways. Nonsense and frameshift-mutated mRNAs are the most obvious NMD targets [4] . Programmed DNA rearrangements that occur in TCR (T-cell receptor) and Ig (immunoglobulin) genes of lymphocytes generate frameshift mutations and downstream PTCs in twothirds of all cases, which are also targeted by NMD [9] . At the RNA level, errors in transcription and pre-mRNA splicing also generate mRNAs with PTCs that are substrates for NMD. It is estimated that approx. 60-70 % of human pre-mRNAs are alternatively spliced and, among these, 45 % are predicted to have at least one spliced form that is expected to be targeted by NMD [10] . NMD thus affects a large proportion of the cell's transcriptome, which highlights the importance of this post-transcriptional mechanism in the quality control of gene expression. In addition to PTC-containing RNAs, several studies have suggested that a large set of non-faulty transcripts are also recognized and eliminated by NMD. More details about these physiological mRNAs that are also targeted by NMD are discussed later in the review.
MAJOR NMD COMPONENTS
Activation of NMD first necessitates that a PTC is distinguished from a proper translation termination codon. In higher eukaryotes, this process involves the deposition of landmarks on the mRNA that specify the position of exon junctions. The case where a termination codon is located in the 3 terminal exon is generally interpreted as proper, whereas termination codons that are located further 5 are generally interpreted as premature [11, 12] . These landmarks consists of multisubunit protein complexes that are recruited to positions approx. 20-25 nt upstream of exon junctions, and that are hence termed EJCs (exon junction complexes). The EJC is composed of at least four core proteins [eIF4A3 (eukaryotic initiation factor 4A3), MAGOH (mago nashi homologue), Y14 and BTZ (Barentsz)] and additional, more peripheral, proteins that probably confer the functionality of the EJC in various post-transcriptional processes, including NMD [13] . When the translation termination complexes, including the release factors eRF1 and eRF3, interact with downstream EJCs via the so-called UPF (up-frameshift) factors (see below), it induces the phosphorylation of the NMD protein UPF1 through the kinase SMG1 (suppressor with morphological defects in the genitalia 1), which subsequently triggers exo-and endo-nucleolytic mRNA degradation [14] [15] [16] . The NMD proteins UPF2 and UPF3b are thought to bridge the EJC and the post-termination complex including UPF1 [17] (Table 1) .
UPF PROTEINS: CORE NMD FACTORS
UPF1 is a complex phosphoprotein with RNA/DNA-dependent ATPase and 5 →3 RNA helicase activity [18] . The C-terminus of the human UPF1 protein contains four serine/threonine-rich clusters which harbour 14-18 potential phosphorylation sites. These serine-rich sites are of key importance in NMD, because they undergo cyclic rounds of phosphorylation/dephosphorylation which is crucial for the remodelling of the mRNA surveillance complex [15, 19] . The N-terminus of human UPF1 contains a proline/glycine-rich region, which has been shown to mediate the interaction with the protein SMG5 that is required for dephosphorylation of UPF1 [15] . Immunofluorescence studies have shown UPF1 to be a predominantly cytoplasmic protein [20] . However, using other experimental approaches it has also been shown to shuttle between the nucleus and the cytoplasm [21] ; the functional significance of this shuttling is still being explored. Knock-out of the upf1 gene in mice was found to be lethal. Embryos died between days 3.5 and 5.5 of gestation and even an attempt to create upf1-null fibroblast cell lines was unsuccessful, suggesting that NMD is essential for a basic cell biological process [22] . However, UPF1 is also known to play an important role in other physiological processes, such as telomere maintenance [23] and translation termination [24] . Therefore it is possible that the embryonic lethality of UPF1 deficiency in mammals is unrelated to NMD. UPF2 is commonly referred to as an adapter molecule that bridges UPF1 and UPF3 to elicit NMD. Structural analysis of UPF2 has revealed at least three conserved eIF4G-like (MIF4G) domains and one putative NLS (nuclear localization signal) in its N-terminus [25, 26] . UPF1-binding domains were identified both in its N-terminus and its C-terminus, with the C-terminus contributing more to the UPF1 interactions [27, 28] . The crystal structure of the complex between the interacting domains of UPF2 and UPF3 revealed contacts between the negatively charged residues of the MIF4G domains of UPF2 and the positively charged β-sheet surface of the RNP domain [ribonucleoproteintype RBD (RNA-binding domain)] of UPF3b. In vitro analysis showed that either UPF2 alone or the UPF2-UPF3b complex, but not UPF3b alone, were able to bind to RNA [28] . UPF2 is a predominantly cytoplasmic protein that accumulates in perinuclear regions [20] . However, the N-terminal region contains a typical NLS. Furthermore, UPF2 is thought to be recruited to the mRNA as a result of splicing, which suggests a role of UPF2 in the nucleus [25] . UPF2 protein is thought to be required for modulating phosphorylation of UPF1 (possibly via its binding function to the EJC), because UPF1 phosphorylation was downregulated by silencing of UPF2 in HeLa cells [29] . In support of the role of UPF2 in phosphorylation of UPF1, biochemical data have suggested direct binding between UPF2 and SMG1, the kinase that is known to phosphorylate UPF1 during NMD [14] .
Mammals have two UPF3 isoforms called UPF3a and UPF3b, whereas Caenorhabditis elegans and Saccharomyces cerevesiae have only one UPF3 isoform [26] . In humans UPF3a is located on chromosome 13 and UPF3b on the X chromosome. UPF3a and UPF3b proteins directly interact with UPF2 through their N-terminal RBD domain and both are known to be nuclear proteins that can shuttle between the nucleus and the cytoplasm [20, 26] . UPF3b elicits a strong NMD response when tethered downstream of a stop codon, whereas UPF3a is only marginally active in this assay system. Furthermore, studies have pointed to a crucial region in the C-terminus of UPF3b that is not conserved in UPF3a and mediates the difference in the NMD activity of the two proteins [30] . The C-terminal domain is responsible for the interaction between UPF3b and the EJC core protein Y14 [31] . Recently, it has been suggested that UPF3a and UPF3b compete for binding to UPF2. At low concentrations of UPF3b, more UPF3a was found to be bound to UPF2. However, when UPF3b levels were high, less UPF3a was bound and the abundance of UPF3a was found to be decreased [32] . A recent SNP (single nucleotide polymorphism) analysis found that mutations in UPF3b in humans cause syndromic and non-syndromic mental retardation. It was intriguing that NMD in the cells of these patients was active, which suggests that UPF3b-independent NMD pathways exist and that the function of UPF3b can be (partially) substituted by other proteins, such as UPF3a [33] .
SMG PROTEINS
SMG proteins mediate the phosphorylation and dephosphorylation of UPF proteins. This group of proteins includes four core members termed SMG1, SMG5, SMG6 and SMG7. Depletion of any of these proteins was found to inhibit NMD in mammalian cells [34] [35] [36] . SMG1 is the UPF1 kinase and belongs to the family of PIKKs (phosphoinositide 3-kinase-related protein kinases) [19] . Studies in mammalian cells have shown that kinase-deficient mutants of SMG1 act in a dominant-negative fashion to inhibit NMD, whereas overexpression of SMG1 kinase increases the level of human UPF1 phosphorylation and enhances the efficiency of NMD [19] .
SMG5, SMG6 and SMG7 are non-redundant proteins that are involved in the dephosphorylation of UPF1 [35, 37, 38] . Intriguingly, these SMG proteins are not by themselves phosphatases, but they promote the dephosphorylation of UPF proteins by recruiting essential protein phosphatases such as PP2A (protein phosphatase 2A). All three proteins contain two TPR (tetratricopeptide) repeats, that mediate protein-protein interactions [39] . Structure analysis of SMG7 revealed a 14-3-3-like domain in its N-terminus. Residues that bind phosphoserinecontaining peptides in 14-3-3 are conserved at equivalent positions in SMG7 [37] . Mutation analysis of these residues showed that this domain is responsible for UPF1 binding and for targeting mRNAs associated with phosphorylated UPF1 for degradation. The 14-3-3 site of SMG7 was also found to be conserved in SMG5 and SMG6 [37] . The C-termini of SMG5 and SMG6 contain PIN-like domains (for PilT N-terminus), which usually function as phosphodiesterases with nuclease activity [40] . SMG6 has a more authentic ribonuclease fold, such as those found in RNase H-type nucleases [41] . Recently, human SMG6 was shown to function as an endonuclease cleaving nonsense-mutated mRNAs near the PTC as a first step of mRNA degradation [16] . Other SMG proteins, called SMG8 and SMG9, have also been reported and were found to regulate the remodelling of mRNA surveillance complex during NMD [42] .
EJC COMPLEX
In higher eukaryotes, splicing plays a critical role for the PTC recognition process [11, 43] . Consequently, naturally intronless, PTC-containing mRNAs are not subject to NMD [44, 45] . Splicing deposits an assembly of proteins, known as the EJC, 20-24 nucleotides upstream of exon-exon junctions [46] . The EJC core is composed of four proteins: Y14, MAGOH, eIF4A3 and MLN51 (also known as BTZ). The EJC core is assembled in a strictly hierarchical order [46, 47] . The assembly is initiated by the formation of a pre-EJC complex that consists of eIF4A3, Y14 and MAGOH, which occurs even before exon ligation is completed. This pre-EJC provides a binding platform for other EJC components that join later after the release from the spliceosome, which connects the core EJC with its functions [47] . eIF4A3, a DEAD-box RNA helicase serves as a link between the EJC components and the mRNA substrate. eIF4A3 is mainly a nuclear protein, but also shuttles to the cytoplasm [48] . The binding of the Y14-MAGOH dimer to the C-terminus of eIF4A3 inhibits its ATPase activity and stabilizes the binding of other EJC components to the RNA [49] . MLN51 is a mammalian orthologue of the BTZ protein that is required for the localization of oskar mRNA in Drosophila [50] . MLN51 contains a conserved Nterminal domain that is involved in the binding to spliced mRNA in vitro and in the interaction with MAGOH [49, 51] . In addition to the EJC core proteins, other proteins, such as UPF2 and UPF3b, SRm160 and RNSP1 are recruited to the EJC. EJCs are removed from mRNAs during the first round of translation, which may either be cap-dependent [52] or cap-independent [53] . During this process, the ribosome-associated EJC cofactor PYM has recently been identified to mediate efficient EJC disassembly and thus contribute to the recycling of its components [54] .
MECHANISM OF RECOGNITION OF PTC
The key mechanistic questions in NMD research are (i) how an mRNA with a normal stop codon is discriminated from an mRNA with a premature termination codon and (ii) how this discrimination leads to differences in mRNA stability. Even though the core NMD factors are conserved among species, different mechanisms by which NMD can be elicited have been proposed on the basis of studies of mammalian, Drosophila melanogaster, C. elegans or S. cerevisiae cells.
Downstream marker model
Earlier studies on PGK1 mRNA in yeast suggested that the presence of a so-called DSE (downstream sequence element) 3 of a stop codon renders the mRNA unstable and stimulates NMD (Figure 1) . Moreover, deletion of this DSE improved the stability of the mRNA [55] . Later, in vitro studies suggested that the binding of the heterogeneous nuclear RNP protein Hrp1p to PGK1 mRNA triggered NMD by promoting the interaction with Upf1p. Furthermore, mutated Hrp1p, which stabilizes nonsensecontaining mRNAs, also abolished its affinity for the DSE and failed to interact with Upf1p [56] . These observations indicated that Hrp1p is an important component of the NMD pathway in yeast. Nonetheless, the DSE-Hrp1p interaction has so far only been shown for the PGK1 mRNA and it is an open question if this mechanism acts more generally.
In higher eukaryotes, the position of a stop codon 5 of an EJC is considered to induce NMD and to enhance its efficiency (Figure 2 ) [46] . The recognition of the stop codon by release factors eRF1 and eRF3 triggers translation termination [24, 57] . UPF1 is recruited to the site soon after and, together with SMG1, forms the post-termination complex termed SURF. Furthermore, SURF interacts with UPF2, UPF3b and additional EJC proteins bound to the downstream exon-exon boundary. This interaction has been proposed to result in the formation of the DECID (decayinducing complex) that triggers UPF1 phosphorylation and the dissociation of eRF1 and eRF3 [14] . Subsequently, SMG5/7 or SMG6 mediate dephosphorylation of UPF1. Degradation of the nonsense-mutated mRNA is then thought to be induced by endonucleolytic cleavage by SMG6 [16] and 5 →3 and 3 →5 exonucleolytic degradation [36] .
It is interesting to note that this linear model of NMD suggested by early genetic and biochemical studies is probably oversimplified. In contrast, many previous studies in mammals suggested the possibility of alternative branches of the NMD pathway, which vary in their dependence on the cofactors UPF2, EJC core components and UPF3b, but converge at the point of UPF1-dependence [58] [59] [60] [61] .
A combination of tethering assays and the analysis of endogenous NMD targets following siRNA (small interfering RNA)-mediated depletion of NMD proteins provided the primary evidence for the existence of UPF2-independent and UPF2-dependent (or EJC core independent) pathways [58] . Consistently, in some instances, such as the PTCs in the penultimate exon of immunoglobulin-μ, NMD can also be activated in a splicingindependent and EJC-independent fashion [59] .
Furthermore, work on TCR-β mRNA indicated that depletion of UPF3b, by itself or in combination with UPF3a, had no effect on NMD [60] . On a similar note, inactivating mutations of UPF3b in patients do not appear to impair NMD efficiency [33] . It is important to note that a large number of endogenous NMD targets that are regulated by UPF1 are not affected by UPF3b depletion, further supporting the existence of an UPF3b-independent pathway. Mapping experiments indicated that a region encompassing the TCR-β VDJ exon and adjacent intron sequences is responsible for UPF3b-independence [60] .
The faux 3 -UTR (untranslated region) model
This model posits that NMD is triggered by the intrinsically aberrant nature of an extended 3 -UTR that results from a PTC (Figure 3 ) [62] . Proper translation termination and the normal rate of mRNA decay requires the interaction between the terminating ribosome and a specific set of factors including the poly(A)-binding protein, PABPC1. Proper spacing between the stop codon and the 3 -UTR is considered as a crucial facet of this model.
In the event of normal termination, once the ribosomes encounter the stop codon, eRF1 recognizes the termination codon in the A-site and forms a complex with eRF3 at the C-terminus. Meanwhile, the N-terminus of eRF3 interacts with the C-terminal domain of PABPC1, which is believed to catalyse proper and efficient ribosome release and translation termination [63] [64] [65] [66] . Consistent with this hypothesis, mammalian cells lacking PABPC1 exhibited an increased read-through of termination codons [61] . Furthermore, tethering of PABPC1 downstream of a PTC rescues the stability of the mRNA [62, 67] . However, at a PTC, the stop codon is not in the appropriate position and usually does not have a normal 3 -UTR immediately downstream required for translation termination. According to this model, the long 3 -UTR following the PTC is not properly configured to bring PABPC1 to the proximity of the release factors bound at the termination codon. Therefore ribosomes that terminate prematurely are released less efficiently or too slowly compared with those encountering normal terminators, in some way favouring the activation of NMD proteins thus leading to rapid degradation of the mRNA [62, 68, 69] . In support of this hypothesis, if PABPC1 is absent, UPF1 has been shown to more readily interact with the translation termination factors eRF1 and eRF3 [70] . However, the importance of EJCs separating a PTC from the mRNA 3 end is not excluded by this model, because the EJC may function as a barrier between the poly(A) RNP and the termination complex.
Studies in S. cerevisiae, D. melanogaster and C. elegans have shown that, in these organisms, PTC recognition occurs irrespective of splicing and thus independent of exon-exon junctions [3, 71, 72] . However, tethering studies strongly suggest that the faux 3 -UTR model provides a mechanism for PTC recognition in Drosophila [62, 73] .
NMD ALSO REGULATES PHYSIOLOGICAL mRNA
Whole genome transcriptomic profiling of yeast, Drosophila and human cells suggests that NMD, initially seen as a 'vacuum cleaner of the cell' plays a crucial role in global gene expression [74] . These studies further demonstrated that NMD directly or indirectly regulates the abundance of 3-10 % of all mRNAs in these different cell types [5, 75, 76] . In some cases, NMD reduces genomic noise by targeting transcripts from non-functional pseudogenes, transcripts encoded by transposable elements or LTRs (long terminal repeats), mRNAs with open (C) The interaction of the SURF complex with the EJC results in the formation of the DECID which triggers UPF1 phosphorylation and the dissociation of eRF1 and eRF3. UPF1 phosphorylation leads to the recruitment of SMG5/SMG7 and SMG6 proteins and the mRNA is degraded by SMG6-mediated endonucleolytic cleavage and by exonucleolytic decay.
Figure 3 The faux 3 -UTR model
(A) Owing to the proximity between the normal stop codon and PABPC1 bound to the poly(A) tail, termination at normal stop codon is promoted by PABPC1 and favours translation re-initiation over induction of mRNA decay. (B) At a PTC, the stop codon is not in the appropriate position. The long 3 -UTR following the PTC is not properly configured to bring PABPC1 to the proximity of release factors bound at the termination codon. Therefore ribosomes that terminate prematurely are released less efficient compared with those encountering normal terminators, which favours the assembly of NMD complex proteins, leading to degradation of the mRNA.
reading frames in the 5 -UTR and transcripts that escaped from nuclear retention [69, 77] . In other cases, NMD serves regulatory functions. Notably, mRNAs containing UGA triplet(s) that regulate selenocysteine incorporation can also elicit NMD, depending on the levels of selenium in the cell [78] . Furthermore, knockdown experiments of key NMD factors such as UPF proteins and SMG kinases suggested that NMD plays a role in regulating the expression of physiological RNA transcripts involved in stress responses, haemopoietic stem cell development, regulation of alternative splice forms, genomic stability, cell-cycle progression and telomere length maintenance, and embryonic development.
Nutrient homoeostasis and protection during oxidative stress
NMD targets were found to have several regulatory functions. In mammalian cells, amino acid starvation induces a global inhibition of cellular translation. Most often this inhibition is mediated by phosphorylation of translation initiation factor eIF2α [79] . Functional studies of the translation initiation complex suggested that phosphorylation of eIF2A inhibits NMD [80] . Subsequently, microarray studies demonstrated that inhibition of NMD induced by amino acid starvation up-regulated many transcripts involved in amino acid homoeostasis [5] .
Similarly, eIF2α is also phosphorylated under hypoxic conditions and NMD is inhibited. Moreover, hypoxia-induced mRNAs that are known to play a predominant role in the integrated stress response were also found to be up-regulated when NMD is inhibited [81] . Although global inhibition of translation would be expected to inhibit NMD, which is known to be translation-dependent, it is also possible that stabilization of NMD targets during stress might contribute to the recovery of cellular metabolism.
Haemopoetic stem and progenitor cells
Conditional UPF2 knockout mice were generated to monitor the role of NMD in the development and maintenance of the haemopoietic system. These mouse models revealed that haemopoietic-cell-specific depletion of mUpf2 led to rapid, complete and lasting cell-autonomous extinction of all haemopoietic stem and progenitor populations [82] . However, in principle, this effect could also be explained by non-NMD related functions of UPF2 [23, 83] .
Regulation of alternative splice forms
Genome-wide transcriptome analyses have shown that alternative splicing and NMD act together to regulate gene expression, providing an additional layer of post-transcriptional regulation. Large-scale analyses of reliable alternative isoforms of known human genes suggested that one third of the alternative transcripts contained PTCs and are targets of NMD. RUST (regulated unproductive splicing and translation) through the coupling of alternative splicing and NMD was suggested to be required for the autoregulation of many splicing factors, such as SC35, PTB and 9G8 [10] . Notably, the core components of the spliceosome such as the U1 protein, common snRNP (small nuclear ribonucleoproteins) such as Sm proteins, and the SF1 protein are also regulated by alternative splicing and NMD [84] .
Chromosome structure and function
Global expression analyses identified a significant fraction of NMD-sensitive genes coding for proteins that affect chromosome structure and behaviour, including telomere replication and maintenance, chromatin silencing, recombination and repair [85] . Consistent with the role of NMD in telomere maintenance, in yeast, mRNAs encoding the regulators of telomerase activity (Est1p, Est3p, Stn1p and Ten1p), catalytic subunit of telomerase (Est2p) and proteins that affect telomeric structure (Sas2p and Orc5p) are all controlled by NMD [86] . Additionally, NMD factors were also demonstrated to play a role in the protection of telomere ends and regulation of telomere length. Human SMG5 and SMG6 were shown to interact with telomerase and to be involved in the maintenance of telomere length. UPF1, UPF2, UPF3, SMG1, SMG5, SMG6 and SMG7 were all found to be enriched at the telomere ends [83] . Depletion of UPF1, SMG1 and SMG6, and to a lesser extent UPF2 and SMG7, generated chromosome and chromatid breaks and telomere loss [23] .
DNA repair and cell-cycle regulation
SMG1 kinase and UPF1 were found to play a role in DNA repair and cell-cycle regulation [87] . SMG1 kinase responds to stress induced by DNA-damaging agents such as IR or UV-B light, and phosphorylates cellular proteins involved in DNA repair. Consistently, siRNA-mediated depletion of SMG1 in U2OS cells resulted in the accumulation of dsDNA (double-stranded DNA) breaks and accumulation of cells in G 2 -M-phase [87] . On a similar note, UPF1 was also shown to bind to chromatin and this binding gradually increases as the cell moves from G 1 -phase to S-phase in the cell cycle, suggesting a possible role of UPF1 in DNA synthesis [88] . Down-regulation of UPF1 in HeLa cells resulted in cell growth arrest in S-phase.
Embryonic development
Studies on NMD components in D. melanogaster suggested that key NMD factors, such as the UPF1 and UPF2, are found to be essential for larval development [89] . Likewise, UPF1 knockdown in mice results in early embryonic lethality. Moreover, attempts to establish embryonic stem cells from UPF1-null mice also failed [22] . Similarly, even in plants, studies on Arabidopsis thaliana showed that UPF1 and SMG7 genes are essential for embryonic viability and mutant alleles have pleiotropic effects, suggesting that the NMD pathway in plants regulates transcripts with a broad range of cellular activities [90] . Previously, studies in zebrafish have shown that depletion of orthologues of UPF1, UPF2, SMG5 and SMG6 have a severe impact on zebrafish embryonic development, early patterning and viability [91] . However, it is still an open question whether these effects are caused by an inactivation of the NMD pathway or by other essential cellular functions.
NMD AND DISEASE ASSOCIATION
It is estimated that approximately one-third of all inherited disorders are caused by nonsense or frameshift mutations that introduce PTCs [4, 8, 92] ; a survey of PTC-related diseases suggests that NMD represents a crucial modulator of the clinical phenotype of many genetic diseases (Table 2) . NMD has a Janus-face regarding disease manifestation. In most cases NMD can be beneficial and helps in the elimination of transcripts which might encode C-terminally truncated, dominant-negative proteins leading to toxic effects. This beneficial effect of NMD is exemplified by β-thalassaemia. Haemoglobin A is a heterotetramer consisting of two α-and two β-subunits which are non-covalently bound to each other. In the case of heterozygous carriers with NMD-sensitive mutations in the β-globin gene (e.g. nonsense mutation NS39 in exon II), NMD degrades the mutated mRNA and the synthesis of the truncated protein is limited. The decreased amount of β-globin chains results in excess of free α-chains which are proteolytically degraded [93] . However, the haemoglobin function is compensated by the remaining β-globin production from the normal allele. Heterozygotes are thus essentially healthy and only show mostly harmless abnormalities of haemological indices. In contrast, NMD-insensitive mutations lead to the production of truncated β-globin chains. These chains form toxic protein precipitations which are thought to overburden the proteolytic mechanism of red blood precursors. Carriers with these rarer kinds of NMD-insensitive mutations are clinically affected and β-thalassaemia is inherited in an unusual dominant fashion [94] . Thus NMD protects the majority of heterozygous β-thalassaemia carriers from manifestations of the disease. A similar effect has since been documented in many other diseases (Table 2) .
Alternatively, NMD can aggrevate disease phenotypes, because degrading truncated proteins that would otherwise retain some normal function produces haploinsufficiency. The dystrophinopathies are important examples in this respect. Nonsense mutations in the dystrophin gene that elicit an NMD response prevent the synthesis of truncated protein either with partial or complete functionality and result in the severe form of the disorder called DMD (Duchenne muscular dystrophy), whereas other nonsense mutations that escape NMD and guide the synthesis of C-terminally truncated dystrophin protein are associated with a milder form of the disorder, termed BMD (Becker muscular dystrophy) [95] .
NMD AND CANCER
The potential influence of NMD on cancer has previously been suggested by a study of patients with HDGC (hereditary diffuse gastric cancer) and germline mutations of the CHD1 (cadherin-1) gene [96] . Approx. 80 % of the HDGC-associated mutations within the CDH1 gene create PTCs and putative NMD targets [97, 98] . Patients with CDH1-PTCs that were predicted to be NMD-competent showed an earlier age-of-onset of gastric cancer when compared with those patients who carried PTC mutations that were predicted to be NMD-insensitive. These data thus indicated that the elimination of CDH1 mRNA with C-terminally truncated open reading frames by NMD has an unfavourable effect on the clinical progression of HDGC [96] . Similar links between NMD and the expression of tumour suppressor genes have also been suggested in other cases, such as BRCA1 (breast cancer 1, early onset), TP53 and WT1 (Wilms' tumour protein) [4] .
In conclusion, the effect of NMD on the clinical phenotype of various diseases suggests that augmentation or inhibition of the efficiency of NMD might offer potential therapeutic strategies with wide applications in medicine.
THERAPEUTIC APPROACHES FOR CORRECTING PTCs
The large number of PTC-related inherited disorders with limited therapeutic options calls for pharmacological modulation of NMD. In principle, both stimulation and inhibition of NMD could be envisaged as a therapeutic strategy depending on the effect of NMD on pathophysiologically relevant proteins [7, 99] . However, so far only inhibition of NMD for diseases that could be favourably modulated by mutated proteins with residual function have been developed clinically (Table 3 ). The development of rational strategies that can modulate NMD demands a much deeper understanding of the pathway and the functional consequences of its perturbation.
Therapies based on translational read-through
In clinical conditions where NMD is detrimental and haploinsufficiency is directly related to the severity of the disease, translational read-through at stop codons generating missensemutated, but functionally active, proteins would be a useful strategy in these situations.
Aminoglycosides
Aminoglycosides are able to bind the decoding centre of the ribosome and decrease the accuracy of codon-anticodon pairing. The recognition of stop codons is suppressed and, instead of chain termination, an amino acid is incorporated into the polypeptide chain [100] [101] [102] [103] . A decade ago this potential of aminoglycosides was first investigated in CF (cystic fibrosis) treatment [104, 105] and later on followed in other diseases [106] . After successful trials in animal models, clinical trials in patients with CF or DMD were performed with gentamicin [107, 108] . These trials showed that aminoglycosides can promote in vivo read-through of nonsense mutations and can lead to the expression of full-length proteins and/or the correction of protein function. However, it is interesting to note that although a number of studies pointed to the clinical significance of aminoglycides, variability in the response to aminoglycoside treatment was one of the major concerns in many of these studies [99] . Moreover, the requirement of high concentrations for a prolonged effect, the intravenous administration mode and known side effects, such as kidney damage and hearing loss, limited the usefulness of its systemic application.
PTC124
PTC124, a 1,2,4-oxidiazole compound, is a new drug in development for mutation-specific treatment of inherited diseases such as DMD and CF. PTC124 was initially identified in a high-throughput screen for its ability to promote read-through of nonsense codons. Furthermore, cultured muscle cells from DMD patients and mdx mice (a mouse model for DMD) produced full-length dystrophin after PTC124 treatment [109] . PTC124 Unfavourable safety profile of existing compounds [119] was reported to promote selective read-through of PTCs without affecting normal stop codons and inducing the production of abnormally long proteins. These promising results led to its evaluation in patients. PTC124 is being investigated in phase II clinical studies in CF and DMD patients. Its oral bioavailability and favourable safety profile make PTC124 an attractive drug for further investigation [110] . However, reports have challenged the validity of the highthroughput screens that were used for the identification of PTC124 [111] . Future prospects for this compound will largely depend on its efficacy and safety in clinical trials.
Suppressor tRNA
In the suppressor tRNA approach, chimaeric tRNAs are used that can specially recognize one of the three termination codon triplets and introduce an amino acid instead of termination. Studies in β-thalassaemia and DMD have shown that the expression of PTCcontaining β-globin or PTC-containing dystrophin alleles have been partially corrected in cultured cells by ectopic expression of suppression tRNAs [112, 113] .
The major drawback of this therapy method is the lack of efficient methods of delivery and stable retention of the expression of the suppressor tRNA in the correct cell types in patients. Moreover, the immune reaction against suppressor tRNA and the required vectors for proper delivery raises additional concerns regarding the clinical use of this approach [114] .
Therapies based on the elimination of the PTC-carrying portion of a mutated transcript
In this approach, repair strategies aim at the elimination of the PTC-carrying portion of a mutated transcript. One such approach is to use antisense oligonucleotides to restore normal splicing in cases where splicing abnormalities result in PTCs [115] . This approach was first implemented for correcting aberrant splicing of the β-globin gene [116] . Later a modified version of this approach was used to restore splicing of a PTC-containing dystrophin mRNA [117] .
In spite of the potential therapeutic opportunity and the advantage to use it in variable ways, the major setback to this oligonucleotide approach is the current lack of availability of a proper delivery system, issues of transfection efficiency, potential immune responses and undesired side effects [118] .
Therapies based on inhibitors of NMD
Both stimulation and an inhibition of NMD might, in principle, offer a promising perspective in treating a variety of inherited and acquired genetic disorders (Table 2) . It would thus be helpful to identify compounds that can directly modulate NMD itself.
In Ulrich's disease, a frameshift mutation with a PTC in the collagen VI α2 gene causes loss of collagen VI and functional defects in ECM (extracellular matrix). SMG1 kinase inhibitors, such as wortmannin and caffeine, that block NMD were reported to increase the expression of the mutant collagen VI α2 subunit, resulting in collagen VI assembly and partially functional ECM formation [119] . These results suggested that NMD inhibitors might open a perspective as therapeutic tools to correct human genetic diseases that are aggravated by NMD.
Notwithstanding this beneficial role of inhibiting NMD by wortmannin and caffeine treatment in cell culture experiments, the high toxicity of both of these compounds at the required doses limits their therapeutic potential in patients. Considering the variety of physiological functions of NMD and its cofactors, it will be a challenge to identify and develop compounds that are both effective and safe.
CONCLUSIONS
NMD represents one of the key gene expression mechanisms that safeguards the fidelity of mRNA expression and is intricately involved in quality control at a post-transcriptional level. Mechanistically, NMD highlights the co-operation between nuclear and cytoplasmic events of the gene expression machinery. NMD also holds exciting promise both to explain the phenotypic variability of many inherited and acquired genetic diseases and to provide perspectives for developing novel therapeutic strategies.
